During the first-stage project of the main channel of Ningbo-Zhoushan Port's Shipu Harbor, underwater shock waves were monitored. By analyzing a typical measured pressure time history curve, the characteristics of underwater shock waves in an engineering context were obtained. We obtained a traditional exponential attenuation formula for underwater shock waves based on the measured data, simplified the model of underwater drilling blasting based on engineering practice, deduced a revised formula for underwater shock wave peak overpressure on the basis of dimensional analysis, established a linear fitting model, and obtained the undetermined coefficients of the revised formula using a linear regression analysis. In addition, the accuracies of the two formulas used to predict underwater shock wave peak overpressure and the significance order of influence and influence mechanism of factors included in the revised formula on the underwater shock wave peak overpressure were discussed.
Introduction
Underwater drilling blasting has played an important role in the exploitation and utilization of marine resources, the development of the marine economy, and preparation for military conflicts [1] . In the recent years, under developing economies and quickening paces of construction, the scale of underwater drilling blasting projects has been expanding, bringing significant increases in charge weight per delayed interval, with the results that blasting hazards are being increasingly taken seriously [1] [2] [3] [4] . The characteristics of underwater shock waves arising from underwater drilling blasting are related to the weight of charge in blast hole, the relationships between the locations between charges and water bodies as well as the rock mass, hole spacing, borehole diameter, initiation method, and other blasting parameters, with reference to a variety of media that include air, water, rock, and soil. In particular, for underwater drilling blasting in engineering contexts in complex sea areas, underwater shock waves are subjected not only to the influences of interference from the sea surface, seabed, and surrounding environment but also to factors such as the water viscosity, sound velocity (water temperature) distribution, sea surface winds and waves, velocity and direction of tidal flows, tidal range, and specific construction circumstances. Therefore, the study of underwater shock waves is so complex that their theoretical study lags far behind the development of engineering practices [1, 4, 5] .
In combining with the underwater drilling blasting project for the anticollision belts of the Road Bridge over the Yangtze River in Wanzhou, Peng et al. studied the effect of elevation on predictions of blast vibration frequencies using ANSYS/LS-DYNA simulation software [6] . Gu et al. developed a type of water bottom vibration monitor and investigated the propagation and attenuation laws of water bottom vibrations induced by underwater drilling blasting on the basis of actual tests in the field [7] . Tripathy and Shirke studied a specific hard rock dredging case in an Indian port in relation to issues that included controlling blasting hazards in underwater drilling blasting [8] . Sun et al. investigated the characteristics of underwater shock waves by undertaking experiments on underwater drilling blasting 2 Shock and Vibration in shallow undersea [9] . In combining with a pile foundation blasting excavation project at the Shanghai Donghai Bridge, Guo numerically simulated and analyzed rock failure processes in underwater drilling blasting using ANSYS/LS-DYNA [10] . Wang numerically simulated the propagation process to obtain propagation laws of underwater shock waves originating from underwater drilling blasting using ANSYS/LS-DYNA and then studied the influence of different detonation methods, stem lengths, and explosive categories on the effects of underwater drilling blasting and shock wave parameters [11] . Chai used numerical simulation software to study the propagation characteristics and attenuation laws of underwater shock waves in underwater drilling blasting under restrictions of single free surface or two free surfaces conditions [12] .
Numerical simulations, experimental studies, and combinations of those methods are the main methods used in current underwater drilling blasting studies. However, the numerical simulation method neglects a large number of influencing factors in actual engineering environments, and simulation results are therefore clearly insufficient for providing practical engineering guidance. When applied to underwater drilling blasting, the experimental study method mainly focuses on seismic waves, and research on the generating mechanisms and interaction characteristics of underwater shock waves has scarcely been reported. Existing studies on underwater shock waves in underwater drilling blasting under engineering contexts, especially for studies under complex sea conditions, mostly use underwater acoustic detection systems to measure sound pressures at distance, which greatly limits the results of those studies due to marine environmental noise and restricted sampling frequencies. Moreover, coefficients and in the underwater shock wave peak overpressure formula, which represent the relationship between peak overpressure and environment, maximum charge, and distance from the measurement point to the charge, are not universally applicable because they vary in different engineering contexts. Therefore, the study and real-time monitoring of underwater shock waves arising from underwater drilling blasting in blasting engineering are meaningful not only in theory but also in guiding engineering practice to improve energy utilization rates and control blasting hazards [1, 4, 13] .
To study the characteristics of underwater shock waves in underwater drilling blasting under complex sea conditions, a type of effective test method based on actual field test conditions was established, and large numbers of underwater shock waves were measured. Combined with the measured results, mechanisms governing the formation and interaction of underwater shock waves, the attenuation laws governing underwater shock wave peak overpressure, and the regularities of the influences of some blasting parameters on underwater shock wave peak overpressure were analyzed.
Introduction to the Test

Overview of the Underwater Drilling Blasting Project.
In this project, the rock mass in the reef blasting area is moderately weathered or slightly weathered tuffaceous sandstone, the tides are regular twice-daily tides, the maximum tidal range is 5.89 m, the average tidal range is 3.23 m, the average high tide is 4.69 m, and the average low tide is 1.48 m. The designed standard altitudes of the bottoms of blast holes were −10.1 m, the diameters of the blast holes were 115 mm, the depths of blast holes ranged from 3 to 14 m, and the average blast hole extended depths were 2.0 m. The blast holes were drilled vertically, the hole spacings were 2.8 m, the array pitches were 2.2 m, and the designed stem lengths ranged from 1 to 1.5 m, but the actual reserved stem lengths of the blast holes were 1 m and were not filled during construction. Number 2 rock emulsion explosives were selected as the charges, the diameters of the charges were 90 mm, and the per unit explosive consumption was 1.25 kg/m 3 . Two to four detonators were arranged in the bottoms and middles of charges, respectively, in each blast hole, and an initiation mode with interhole and row-to-row short delay was used to detonate one to five rows of blast holes simultaneously. Figure 1 , the underwater shock wave test system was mainly composed of a pressure sensor, low-noise cable, adapter, and dynamic signal acquisition and analysis system. Shock wave signals are collected by the pressure sensor and transmitted to the adapter through a lownoise cable and then through the dynamic signal acquisition and analysis system, which is connected to the adapter, finally reaching the laptop for real-time acquisition and storage. In general, the rise times of underwater shock wave signals are at the microsecond level, and the durations are less than 2-3 ms, which means that there were large demands on the dynamic response characteristics of the test system. Underwater shock wave signals are a type of nonperiodic pulse signals that have very wide continuous spectra and therefore required a wide frequency response range for the test system. Considering the above-mentioned requirements, a PCB production 138 series A02 underwater free field shock wave sensor was employed in the test. This type of sensor uses a tourmaline crystal as the sensitive element and is equipped with a built-in ICP circuit, which causes it to demonstrate many advantages such as short rise time, high amplitude linearity, smooth waveform, lack of resonance, high voltage output, capability for driving long cables, and low noise. The performance parameters of the sensor are shown in Table 1 . A PCB production 482 series adapter was used. This type of adapter can provide a stable excitation current to a sensor and decouple DC bias voltage in the AC test signal. A Jiangsu Donghua test corporation production type DH5960 dynamic signal acquisition and analysis system was selected, the bundled analysis software of which supported a variety of functions such as real-time measurement, playback analysis, and data conversion.
Test System. As shown in
Experimental Setup.
Considering the complex sea conditions in Ningbo-Zhoushan Port's Shipu Harbor, our test was carried out on a reef-explosion vessel. As shown in Figure 2 , to avoid being pulled, the sensor wire and low-noise cable were loosely fixed on a rope, a certain length of which was fixed on a straight bamboo pole. A pressure sensor was suspended vertically from one end of the bamboo pole and was attached to a small weight (approximately 1 kg) to make sure that the rope straightened. The straight bamboo pole was dipped into the water from the drilling platform of the reef-explosion vessel, where the sleeve was placed. The entry depth of the sensor in the water was adjusted by adjusting the entry depth of the bamboo pole. When collecting signals, to avoid false triggering in the dynamic signal acquisition and analysis system caused by noise and failure to trigger or missing data caused by too high trigger thresholds, the external trigger mode was chosen. In addition, to compensate for synchronization errors between the signal triggers and charge detonations, the delay setting was set to the negative delay mode. The length of the negative delay was 1 M, the sampling length was 8 M, and the sampling rate was 1 M/s.
Test Results
Pressure Time History Curve of an Underwater Shock
Wave. Figure 3 shows a typical measured pressure time history curve of an underwater shock wave. The underwater shock wave shown in Figure 3 was generated by 327 kg of explosives that were distributed in 14 blast holes with the same delay time setups. Underwater shock waves in underwater drilling blasting mainly consist of two parts: one is the shock waves generated by high temperatures and high pressure detonation products when the detonation products rush out from the upper part of the blast hole to the water and the other is the shock waves generated by stress waves in rock, which are produced when stress waves are refracted into the water and are known as earth-water shock waves [13] . Because the propagation speeds of stress waves in rock exceeded those of the shock waves in water, the earthwater shock waves generally reached the measurement point sooner, which was not shown in Figure 3 . The obstacle effect of blasting reef slags heaped on the seabed between the measurement point and explosive source was the primary reason why the underwater shock wave shown in Figure 3 did not contain an earth-water shock wave component. As shown in Figure 3 , the underwater shock wave had successive multiple peak values; the shock wave that arrived later was superimposed on the rise or decay stages of the shock wave that had arrived earlier, meaning that the underwater shock waves generated by each blast hole, which had the same delay times, did not reach the measurement points at the same time. Because of the different lengths of the Nonel tubes connected to each blast hole in the detonation network, the delay time error of the millisecond detonator, and the different propagation distances, the underwater shock waves reached the measurement points successively and were superimposed on each other, and the maximum value of shock wave peak overpressure depended on the superposition of the shock waves to some extent. As shown in Figure 3 , the action time of the underwater shock wave positive pressure was much more prolonged than that of the typical underwater shock wave generated by a single blast hole, the decay stage of the underwater shock wave was closer to linear attenuation, and the tail of the underwater shock wave suffered from a reflected sparse wave from the water surface, which caused the "cutoff" phenomenon to occur.
The Underwater Shock Wave Peak Overpressure
Classical Formula and Error
Analysis. Assume that the hydrostatic pressure and the initial density of water at the measurement point are 0 and 0 , respectively, when the charge is exploded. For the underwater shock wave peak overpressure Δ at the measurement point, according to the traditional exponential attenuation formula, assume that
where is the total mass of charges with the same delay time. By taking the logarithms of both sides of the equation, we obtain
Let = ln Δ , = ln( 3 √ / ), and = ln , and then
The fit results of the measured data shown in Table 2 , which were produced using the MATLAB unitary linear regression analysis tool, are shown in Figure 4 . Corresponding to the fit results, the coefficients = 2.04975 and = 4.25993, the correlation coefficient = 0.8885, complex 
where 0.067 ≤ 3 √ / ≤ 0.142. The underwater shock wave peak overpressures were calculated using formula (5) , and the calculated values and measured data were compared to obtain the relative error between them. Finally, we found that the relative errors were between 0.07% and 32.3%, and 50% of the measurement points had relative errors exceeding 15%. It was therefore obvious that there were very large errors when predicting the underwater shock wave peak overpressures using the fitted exponential attenuation formula; that is, the fitted exponential attenuation formula was unable to adequately describe the attenuation characteristics of the underwater shock wave peak overpressure.
Dimensional Analysis and Revised Formula.
To gain a better understanding of the characteristics of the underwater shock wave shown in Figure 5 , which was generated from a single blast in underwater drilling blasting, the explosive Shock and Vibration 5 source was simplified as a single blast hole located in the center of the blasting area, the average depths of all blast holes with the same delay times were taken as the depths of the blast holes, the average charge length of all the blast holes with the same delay times was taken as the charge length of the blast holes, the average water depth above all the blast holes with the same delay times was taken as the water depth in the blasting area, and the sum of the charge weights of all the blast holes with the same delay times was taken as the charge weight of the single simplified blast hole. Point is the center of the upper end surface of the blast hole, point is the virtual wave source for the mirror of the free water surface, and point is the measurement point. In the simplified model shown in Figure 5 , is the distance between the center of the charge and the upper end surface of the blast hole, is the horizontal distance between the measurement point and point , ℎ 1 is the distance between the measurement point and the water surface, ℎ is the depth between the measurement point and the standard altitude of the bottom of the blast hole, is the distance between the measurement point and point , = √ 2 + ( − ℎ 1 ) 2 , is the incident angle of the underwater shock wave, and is the corresponding reflection angle.
The factors that influence underwater shock wave peak overpressure Δ at a measurement point in underwater drilling blasting are primarily , the detonation heat of the explosives V , , hole spacing, row spacing, borehole diameter, overdrilling depth, stem length, rock properties, , ℎ, , 0 , and 0 . The hole spacings, row spacings, borehole diameters, overdrilling depths, stem lengths, and rock properties were basically the same for each blasting during the test, and, therefore, we mainly considered the influences of , V , , , ℎ, and on underwater shock wave peak overpressure. According to the theorem, the peak overpressure Δ can be expressed as
In addition 0 = 1.013 * (1 + ℎ )
therefore,
Selecting , V , and 0 as the independent variables and using the theorem, we can obtain the following dimensionless constants:
Therefore, the relationship between the underwater shock wave peak overpressure Δ at a measurement point and the charge properties, blast hole mesh parameters, blasting environment and position of the measurement point can be expressed as
where V and 0 are constant for any measurement point; therefore, (10) can be rewritten as
as the proportional water depth in the blasting area, proportional distance between the center of the charge and the upper end surface of the blast hole, proportional depth between the measurement point and standard altitude of the bottom of the blast hole, and proportional horizontal distance between the measurement point and the explosive source. Equation (11) can be modified as follows:
where , 1 , 2 , 3 , and 4 are undetermined coefficients.
Shock and Vibration
Taking the logarithms of both sides of (12) to transform the nonlinear equation into a linear equation yields ln Δ = ln + 1 ln + 2 ln + 3 ln ℎ + 4 ln .
Let ln = 1 , ln = 2 , ln ℎ = 3 , ln = 4 , ln Δ = 5 = , and ln = 0 ; (13) then becomes
After analyzing the test results listed in Table 2 using the method of multiple linear regression, we can obtain that 0 = 3.2435, 1 = 0.4909, 2 = −0.0495, 3 = −1.4359, and 4 = −1.2312. For the regression model, the complex correlation coefficient 2 = 0.9597 and the adjustable decision coefficient 2 = 0.9579, both of which were very close to 1, and the model estimate standard error = 0.0829, which was very close to 0. Therefore, we can consider the imitative result better. Then, 
By replacinĝ, 1 , 2 , 3 , and 4 with ln Δ , ln , ln ℎ, ln , and ln , respectively, in (12), we can obtain the following revised formula for the underwater shock wave peak overpressure:
The ranges of application of the parameters are 0.6663 ≤ ≤ 2.8554, 0.3413 ≤ ≤ 0.9336, 1.243 ≤ ℎ ≤ 3.3469, and 6.9993 ≤ ≤ 14.8448.
The values of the underwater shock wave peak overpressures were calculated using (16), and the calculated values and measured data were compared to obtain the relative error between them. Finally, we found that the relative errors were between 0.3% and 11.1%, and there were only three measurement points with relative errors exceeding 10%. Therefore, we can hold that the revised underwater shock wave peak overpressure formula can describe the attenuation characteristics of the underwater shock waves better than the traditional exponential attenuation formula.
The Significance Order of Influence and Influence Mechanism
In the regression model, the regression variables 1 , 2 , 3 , and 4 were sorted according to the significance order of influence on the underwater shock wave peak overpressure expected valuêdetermined using a -test. Table 3 shows the test statistics . According to the results shown in Table 3 , the order of the significances of the influences of the regression variables on the underwater shock wave peak overpressure expected valuê from high to low was 3 , 4 , 1 , and 2 ; that is, the effect of ℎ on the underwater shock wave peak overpressure was the most significant and was followed by those of and , and the effect of on the underwater shock wave peak overpressure was relatively the weakest. As shown in Figure 3 , the underwater shock wave at a measurement point mainly consists of a shock wave produced by detonation products as they directly rush out into the water from the blast hole. For underwater drilling blasting, the detonation products that rush out of the blast hole are produced primarily by the charge located in the upper part of the blast hole. In actual construction processes, all blast holes are basically free of stemming, the detonation products therefore can rush out of the blast hole without being blocked, and the length of the charge whose detonation products rush out of the blast hole basically remains unchanged. Therefore, when other influence factors remain the same, the change in that indicates the position of the charge in the blast hole has the relatively the weakest effect on underwater shock wave peak overpressure. When becomes larger, the distance from the charge to the upper end surface of the blast hole increases, which means that there are more restrictions on the expansion of the detonation products, and the generated shock wave becomes relatively smaller.
After detonation, because the charge weight per delayed interval was large, the blast hole was almost free of stemming, and the detonation products directly rushed out of the blast hole and formed an obvious water column above the areas of the explosion. When the water depth in the explosion area increases and the remaining blasting parameters remain constant, fewer detonation products rush out of the water surface, and the residual energy from the explosion in the water increases. At the same time, as becomes larger, the attenuation of the shock wave decreases. Hence, as increases, the underwater shock wave peak overpressure at a measurement point increases, and has a certain extent of effect on the underwater shock wave peak overpressure.
As shown in Figure 5 
The differences between and were between 0.0917 m and 1.5043 m, and therefore the propagation distance of the underwater shock wave was primarily determined by . As the propagation distance increased, the wave front of underwater shock wave became large, and the per unit area energy of the wave front became small, which accompanied the energy loss. Therefore, had a large influence on underwater shock wave peak overpressure, and with the increase in , the underwater shock wave peak overpressures became small.
As shown in Figure 5 , when the shock wave arrived at the free water surface along " ," it was reflected as a sparse wave that could be deemed as having been generated by the mirror virtual wave source and propagating along " ." When reaching the measurement point , the reflected sparse wave According to the literature, when < * , the sparse wave will catch up and surpass the incident shock wave, causing an irregular reflection.
where = 7.15, = 304.5 MPa, and is the peak overpressure of the incident shock wave at point [14] .
According to the above analysis of the influence of the free water surface on the shock wave, the calculated results of the incident angles of the shock waves and the critical angles of irregular reflection under various test conditions are shown in Table 2 . As seen in Table 2 , the incident angles were between 0.077416 rad and 0.264859 rad, and the critical angles of the irregular reflection were between 0.025717 rad and 0.067419 rad; therefore, all the measurement points satisfied 1 > * , which indicated that the reflections of all the incident shock waves on the free water surface were regular reflections and that the reflected sparse waves had no effect on the peak overpressures of the incident shock waves.
When other influence factors remained constant, the propagation distance of underwater shock wave changed with changes in ℎ. Because the attenuation of a shock wave is related to propagation distance, was therefore replaced with in the revised formula for the underwater shock wave peak overpressure to eliminate the effect of ℎ on the underwater shock wave peak overpressure. After reanalysis, we obtained 0 = 3.2702, 1 = 0.4909, 2 = −0.0661, 3 = −1.3937, 4 = −1.2526, complex correlation coefficient 2 = 0.9598, the adjustable judgment coefficient 2 = 0.958, and the estimated standard error = 0.082. The regression variables 1 , 2 , 3 , and 4 were sorted according to the order of the significances of their influences on the underwater shock wave peak overpressure expected valuê; that is, a -test was performed. Table 4 presents the test statistics . From the data presented in the table, we can see that the influence of each factor on the underwater shock wave peak overpressure obeyed the same order of significance compared with the model in which was not replaced with . Therefore, we can consider that the influence of the change of ℎ on cannot explain the influence law of ℎ on the underwater shock wave peak overpressure. Table 2 and Figure 6 show that, for measurement points, when , , , and were the same, the incident angle of the shock wave increased with decreasing ℎ, and underwater shock wave peak overpressure increased with increasing incident angle. According to the analysis of the curve of the typical pressure time history of the underwater shock wave, to some extent, the maximum value of underwater shock wave peak overpressure was dependent on the superposition of the shock waves generated by the blast holes with the same delay times. When variables , , , and were the same, the intensities of the shock waves generated by each single blast hole were basically equal for all measurement points, but for the measurement points with larger angles of incidence, the shock wave arrived early and was less subjected to attenuation from the sparse wave that arose from the free water surface regular reflection. Therefore, when superimposed with shock waves arriving later, larger synthetic peak pressures can be produced. To summarize, ℎ had the most significant effect on the underwater shock wave peak overpressure, and the underwater shock wave peak overpressure increased with decreasing ℎ.
Conclusions
Based on an analysis of measured underwater shock waves derived from underwater drilling blasting under complex sea conditions, this research presented the following conclusions.
(1) Compared with a general underwater shock wave, an underwater shock wave from underwater drilling blasting demonstrates many different characteristics, including successive multiple peak values, and the maximum value of peak overpressure depends to some extent on the superposition of shock waves generated by each single blast hole.
(2) Using dimensional analysis, we deduced a revised formula for underwater shock wave peak overpressure. By analyzing the relative error between the measured and predicted values, we found that the revised formula can better describe the propagation characteristics of underwater shock waves.
(3) The significance of the influence of each factor on underwater shock wave peak overpressure was, in order, ℎ, , , and . (4) Unlike general underwater blasting, the maximum values of underwater shock wave peak overpressures arising from underwater drilling blasting depend to some extent on superimpositions of shock waves generated by each blast hole which have the same delay times. Therefore, within the regular reflection range, peak overpressure increases with increasing incident angle (i.e., decreasing ℎ).
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